Fuzzy adaptive robust control for space robot considering the effect of the gravity  by Qin, Li et al.
Chinese Journal of Aeronautics, (2014),27(6): 1562–1570Chinese Society of Aeronautics and Astronautics
& Beihang University
Chinese Journal of Aeronautics
cja@buaa.edu.cn
www.sciencedirect.comFuzzy adaptive robust control for space robot
considering the eﬀect of the gravity* Corresponding author. Tel.: +86 335 8387556.
E-mail address: lfc@ysu.edu.cn (F. Liu).
Peer review under responsibility of Editorial Committee of CJA.
Production and hosting by Elsevier
http://dx.doi.org/10.1016/j.cja.2014.10.023
1000-9361 ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. Open access under CC BY-NC-ND license.Qin Li, Liu Fucai *, Liang Lihuan, Gao JingfangKey Lab of Industrial Computer Control Engineering of Hebei Province, Yanshan University, Qinhuangdao 066004, ChinaReceived 26 November 2013; revised 28 April 2014; accepted 26 August 2014
Available online 18 October 2014KEYWORDS
Fuzzy adaptive;
Microgravity;
Robustness;
Space robot;
Trajectory tracking controlAbstract Space robot is assembled and tested in gravity environment, and completes on-orbit
service (OOS) in microgravity environment. The kinematic and dynamic characteristic of the robot
will change with the variations of gravity in different working condition. Fully considering the
change of kinematic and dynamic models caused by the change of gravity environment, a fuzzy
adaptive robust control (FARC) strategy which is adaptive to these model variations is put forward
for trajectory tracking control of space robot. A fuzzy algorithm is employed to approximate
the nonlinear uncertainties in the model, adaptive laws of the parameters are constructed, and
the approximation error is compensated by using a robust control algorithm. The stability of the
control system is guaranteed based on the Lyapunov theory and the trajectory tracking control
simulation is performed. The simulation results are compared with the proportional plus derivative
(PD) controller, and the effectiveness to achieve better trajectory tracking performance under
different gravity environment without changing the control parameters and the advantage of the
proposed controller are veriﬁed.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
The concept of space robot system was ﬁrst proposed by the
United States in the 1970’s. It aimed at performing the extra-
vehicular activity (EVA) by the aid of robotic manipulator in
extreme environment of the space, which is hard, heavy or
dangerous for people to achieve. At present, space robot ismainly used in spacecraft, satellite and international space sta-
tion (ISS), especially as a main part of ISS, it is playing a cru-
cial role in the on-orbit assembly, external maintenance and
the operations of ISS.1 As is well-known, the design, assembly
and test of space robot is completed under gravity condition,
however, it services under microgravity condition ﬁnally. The
changes in kinematic and dynamic behavior of space robot
caused by the change of gravity environment are inevitable
tough for the design and veriﬁcation of the control system.
In fact, this problem has been attracted wide attentions in
the aerospace ﬁeld. Various methods for simulated micrograv-
ity environment test have been developed to debug the controls
parameter and validate the function on ground, including the
air ﬂoatation, suspension and neutral buoyancy primarily,
which are based on the principle of gravity balance. Ranger
Fig. 1 n degrees of freedom (DOFs) free-ﬂoating space
manipulator.
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tative neutral buoyancy simulated test. It can realize three-
dimension simulation, but the problem of water resistance can-
not be solved, and it is high cost. Air ﬂoatation simulated test
system provides a frictionless two-dimensional motion experi-
ment environment. It is applied to formation ﬂight by Stan-
ford.3 Suspension simulated test counterbalances the force of
gravity by using gravity compensation equipment, which still
belongs to the two-dimensional simulation method. It only
applies to the deployment process of planar antenna or solar
panel.4 In order to ensure the on-orbit service performance
of space robot, test about dynamic properties and effectiveness
of controller were carried out in microgravity compared with
the simulated microgravity environment. Manipulator ﬂight
demonstration (MFD) was launched in August 1997 on the
space shuttle discovery. In Ref.5 the ﬂight experiment result
was reported. The positioning errors differed from the ground
test results was shown. It is presumed that these differences
were due to that the ground simulated environment could
not provide true microgravity, which may restrain the robot
movement slightly and affect the tip position. More micrograv-
ity experiments at Tokyo Institute of Technology are intro-
duced in Ref.6. The results of microgravity ﬂight experiments
show that the error of rotation position is within an acceptable
range. However, there is considerable difference about the
dynamic characteristic and control current compared with
the ground data. In recent years, many combination simula-
tion strategy based on the above simulated methods were
proposed to eliminate the defects in simulated microgravity
environment test,7–10 but there are still problems of low ﬁdelity
and limited applicability. Given all above, the effect of gravity
cannot be ignored, and cannot be solved only through the
microgravity environment simulation test.
The realization of the space robot movement function
depends on the control system. Therefore, the differences
caused by the change of gravity environment should be taken
into account when designing the controller. In particular, with
the development of the space industry, space operation task is
getting more and more diverse and complicate, followed by
higher requirements for the accuracy and performance of the
space robot system. The traditional method based on margin
may bring too large output torque, it not only consume more
propellant but also may degrade the positioning accuracy of
manipulator terminal as well as the dynamic performance.
Accordingly, this problem created by change of gravity envi-
ronment should be taken on greater consideration because of
the higher demand in accuracy and stability for complicated
on-orbit servicing missions. For now, many dynamic analysis
method and control algorithms have been proposed for trajec-
tory tracking control of robotic system. In comprehensive con-
sideration of ﬂexibility of the gear tooth, mesh damping,
clearance between gear teeth and mesh error, dynamics model
of the large space manipulator was established in Ref. 11 by
using the lumped parameter method. The concept of ‘‘system
centroid equivalent manipulator’’ was proposed in Ref.12.
Based on this concept, the multi-body dynamic model of a
dual-arm space robotic system was developed. In Ref.13 an
adaptive control scheme was developed in the case of unknown
inertial parameters for the tracking control of space robots
with an attitude controlled base by combining the back-
stepping design approach and adaptive control theory. In
Ref.14 a new model-free control law, called proportional plusderivative (PD) with sliding mode control law was proposed
for trajectory tracking control of multi-degree-of-freedom lin-
ear translational robotic systems. In Ref.15 a control scheme
with the help of a virtual space vehicle was presented for tra-
jectory control of a two arm rigid-ﬂexible space robot. Li
and Chean16 used a novel regional feedback method for robot
task-space control, the feedback information is employed in a
local region, and the combination of regional information
ensures the global convergence of robot motion. Marco et al.17
discussed the application of the image based visual serving
strategy to space manipulators and experimental results are
reported. However, most of these researches so far focus on
the unconstrained base,18 the uncertainty of model,19 the exter-
nal disturbances caused by orbital environment and the high
ﬂexibility of the links and control problem in capturing
task.20,21 However, there are few researches on the self-adapta-
tion ability of controller for the model variations due to the
gravitational differences.
This paper focus on the gravity effect on the kinematic and
dynamic behavior of space robot, aims to solve the problem
of parameter adjustment and veriﬁcation on ground through
designing of control scheme. That is to design a controller
applied to different models of space robot both on ground
and in space without changing the structure and parameters.
A fuzzy adaptive robust control (FARC) strategy is proposed
for the space robot system, which can control the space manip-
ulator to achieve good trajectory tracking effect in different
gravity environments without changing the structure and
parameters. The uncertain nonlinear terms of the space manip-
ulator dynamic model caused by the change of gravity is
approximated by using the fuzzy system. An adaptive control
law is designed to estimate parameters online. With the help
of the robust controller, the estimation error is compensated.
Then the stability of the closed-loop system is proved based
on the Lyapunov principle. To verify the effectiveness of the
proposed method, different controllers are adopted to control
two models respectively. The simulation results show that the
proposed fuzzy adaptive controller can achieve better trajectory
tracking performance under different gravity environments.
2. System descriptions
In this paper, two conditions of the space manipulator are
discussed, so it is necessary to establish the ground alignment
model and the space application model. Fig. 1 shows the
1564 L. Qin et al.schematic diagram of n degrees of freedom (DOFs) free-
ﬂoating space manipulator.
Where Bi(i= 1, 2, . . .,n) is the ist link-rod of manipulator,
and B0 represents the spacecraft platform; Ji (i= 1,2, . . .,n) is
the joint which connects Bi1 with Bi;Ci(i= 0,1, . . .,n) is the
mass center of Bi; ai(i= 1,2, . . .,n) is the position vector from
Ji to Ci; bi(i= 0,1, . . .,n) is the position vector from Ci to Ji+1;
ri(i= 0,1, . . .,n) is the position vector of the mass center Bi; rg
is the unknown vector of the centroid of the system; re is the
position vector of the end effector; pi(i= 1,2, . . .,n) is the posi-
tion vector of Ji; Og is the centroid of the whole system; OI is
the inertial origin; RB  x0 C0y0 is the coordinate system of the
base; RI  xI OIyI is the inertial coordinate system; RE is the
coordinate system of the end effector. Besides, deﬁne that Ii
is the inertia of Bi relative to its centroid and mi is the mass
of Bi.
The space manipulator in this paper assumes the following
properties:
(1) The system is considered as a rigid system.
(2) In space the microgravity is ignored, and the system is in
a free-ﬂoating condition. It is assumed that no external
forces and torques applied on the system.
(3) The system consists of a base and several links. The pose
of the base is not controlled actively, and every joint
between links can rotate freely within a degree under
active control.
2.1. Mathematical model on the ground
When the space manipulator is aligned on the ground, the base
is ﬁxed. According to the Lagrange formulation, the dynamic
equation of the space robotic manipulator can be formulated
as
MðqÞ€qþ Cðq; _qÞ _qþ GðqÞ ¼ s ð1Þ
where q ¼ q1; q2; . . . ; qn½ T 2 Rn is the vector of the joint
variables; M(q) 2 Rn·n is the inertia matrix; Cðq; _qÞ 2 Rnn is
the vector of the coriolis and centrifugal forces; G(q) 2 Rn is
the vector of gravitational force and
s ¼ s1; s2; . . . ; sn½ T 2 Rn is the vector of joint actuator
torques and forces.
Deﬁne the vector as x1 ¼ q; x2 ¼ _q; x ¼ xT1 ; xT2
 T
, then the
state equation of the system is
_x1 ¼ x2
_x2 ¼ M1ðx1Þ s Cðx1; x2Þx2  Gðx1Þð Þ

ð2Þ
The output equation is
y ¼ x1 ð3Þ
Deﬁne
UðxÞ ¼ M1ðx1Þ Cðx1; x2Þx2 þ Gðx1Þð Þ
WðxÞ ¼ M1ðx1Þ
(
then the model of space robot on the ground can be rewritten
as
€y ¼ UðxÞ þWðxÞs ð4Þwhere
UðxÞ ¼ ½u1ðxÞ; u2ðxÞ; . . . ; unðxÞT
WðxÞ ¼
w11ðxÞ w12ðxÞ . . . w1nðxÞ
w21ðxÞ w22ðxÞ . . . w2nðxÞ
..
. ..
. ..
.
wn1ðxÞ wn2ðxÞ . . . wnnðxÞ
2
66664
3
77775
8>>>><
>>>>:
and W(x) is a positive deﬁnite matrix and satisﬁes that
W(x)P rIn, where r> 0 related to the system physical prop-
erties, and In is a unit matrix of n dimensions.
2.2. Mathematical model in space
When the space manipulator is in the on-orbit service stage,
its base cannot be ﬁxed for the microgravity environment.
Therefore six additional DOFs will be added to the system.
The attitude and position of the base will change since the
manipulator will exert a force/torque on it when the manip-
ulator moves or rotates. In this case, the Lagrange function
is equal to the kinetic energy of the system. The dynamic
equation of the free-ﬂoating space manipulator can be
written as
MsðqsÞ€qs þ Cs qs; _qsð Þ _qs ¼ ss ð5Þ
where Ms(qs) 2 R(n+6)·(n+6) is the inertia matrix;
Csðqs; _qsÞ 2 Rðnþ6Þðnþ6Þ is the vector of the coriolis and centrif-
ugal forces; qs ¼ qTb ; qTm
 T 2 Rnþ6 is the general position vec-
tor, with qb ¼ pTb ; xTb
 T 2 R6 the position and attitude
vector of the base, pb ¼ xb; yb; zb½ T 2 R3 (xb,yb and zb
are the displacements in the directions of x, y and z) the posi-
tion vector and xb ¼ h; x; /½ T 2 R3ðh;x and / are the
displacements in the directions of roll, yaw and pitch) the atti-
tude vector. qm ¼ q1; q2; . . . ; qn½ T 2 Rn the vector of the
joint variables; ss ¼ 0T61; sTn1
 T 2 Rnþ6 is the vector of joint
actuator torques and forces, with 06·1 the driving torque
exerted on the base, and sn·1 the joint torque of the
manipulator.
Let x1s ¼ qs; x2s ¼ _qs; xs ¼ xT1s; xT2s
 T
, and the state equa-
tion of the system can be written as
_x1s ¼ x2s
_x2s ¼ M1s x1sð Þ ss  Cs x1s; x2sð Þx2sð Þ

ð6Þ
The output equation is
ys ¼ x1s ð7Þ
Deﬁne that
U0sðxsÞ ¼ M1s x1sð ÞCs x1s; x2sð Þx2s
WsðxsÞ ¼M1s ðx1sÞ
(
the model in the on-orbit operational process can be rewritten
as
€ys ¼ U0sðxsÞ þWsðxsÞss ð8Þ3. Fuzzy algorithm
Assuming that the fuzzy algorithm is a mapping from U ˝ Rn
to R and the fuzzy knowledge base comprises a collection of
IF–THEN rules in the following form:
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j
1 and x2 is F
j
2 . . . and xn is F
j
n;
THEN yjf is C
j ðj ¼ 1; 2; . . . ;mÞ
where xf = [x1,x2, . . .,xn]
T 2 U is the input of fuzzy logic sys-
tem and yf 2 R is the output of fuzzy logic system . Fjn is the
fuzzy set of input and Cj is the fuzzy set of output. By using
the singleton fuzziﬁcation, product inference engine and center
average defuzziﬁcation, the output value of the fuzzy system
can be expressed as
yfðxfÞ ¼
Pm
j¼1y
j
f
Qn
i¼1lFj
i
ðxiÞ
 
Pm
j¼1
Qn
i¼1lFj
i
ðxiÞ
  ð9Þ
with
yjf ¼ max
y
j
f
2R
lCj y
j
f
 
; lCj y
j
f
  ¼ 1
where lFj
i
is membership function of input, and lCj is member-
ship function of output. Deﬁne the fuzzy basis functions as
njðxfÞ ¼
Qn
i¼1lFj
i
ðxiÞPm
j¼1
Qn
i¼1lFj
i
ðxiÞ
  ð10Þ
Then the fuzzy system can be rewritten as
yfðxfÞ ¼ nTðxfÞh ð11Þ
where n(xf) = [n1(xf),n2(xf), . . .,nm(xf)]
T is the regression vec-
tor; h ¼ y1f ; y2f ; . . . ; ymf
 T
is the parameter vector of the fuzzy
system.
In this paper, fuzzy logic systems are employed to approx-
imate the unknown nonlinear functions ui(x) and wij(x)
(i= 1,2, . . .,n; j= 1,2, . . .,n) and to design the adaptive con-
trol law.
4. Fuzzy adaptive robust controller design
The dynamic model of ground robot is different from that of
free-ﬂoating robot because of the different gravity environ-
ment. However, all researches so far haven’t design a control-
ler performs well during the two stages from the perspective of
different gravity environment. In view of the insufﬁciency of
the existing control strategies, a fuzzy adaptive control strategy
is proposed in this paper. The adaptive control law is designed
by employing the fuzzy system to approximate the unknown
nonlinear function online and the approximation errors are
compensated by a robust controller.
4.1. Control algorithm design
When the space robot is aligned on the ground, its model is
shown in Eq. (4). The control algorithm can be designed as
follows. Deﬁne the following equations:
eðtÞ ¼ qdðtÞ  qðtÞ ð12Þ
rðtÞ ¼ _eðtÞ þ KeðtÞ ð13Þ
€qrðtÞ ¼ €qdðtÞ þ K _eðtÞ ð14Þ
where e(t) is the joint position tracking error; qd(t) is the
desired manipulator joint trajectory; q(t) is the actual manipu-
lator joint trajectory; r(t) is a ﬁltering error sliding surface; K is
a positive deﬁnite diagonal matrix; qr(t) is the reference
trajectory.Deﬁne ð^Þ is the estimate value of (Æ), while (Æ*)is the optimal
estimation.
Deﬁne that the fuzzy logic systems of the approximation
system model nonlinear function ui(x) and wij(x) are
u^iðx; h^uiÞ ¼ nTuiðxÞh^ui ði ¼ 1; 2; . . . ; nÞ ð15Þ
w^ijðx; h^wijÞ ¼ nTwij ðxÞh^wij ði ¼ 1; 2; . . . ; n; j ¼ 1; 2; . . . ; nÞ ð16Þ
where nuiðxÞ and nwijðxÞ are the fuzzy basis function vectors; h^ui
and h^wij are the adaptive control parameter vectors.
Assume that x 2 Dx, let hui and hwij be the optimal approx-
imation parameter vectors of h^ui and h^wij ; Let euiðxÞ and ewijðxÞ
be the fuzzy logic system minimum approximation errors
which satisfy euiðxÞj j 6 eui and ewijðxÞ
		 		 6 ewij , where eui and
ewij are unknown constants. The deﬁnitions of parameters are
as follows:
hui ¼ argmin
h^ui
fsupx2Dx juiðxÞ  u^iðx; h^uiÞjg ð17Þ
hwij ¼ argmin
h^wij
fsupx2Dx jwijðxÞ  w^ijðx; h^wij Þjg ð18Þ
~hui ¼ hui  h^ui ð19Þ
~hwij ¼ hwij  h^wij ð20Þ
euiðxÞ ¼ uiðxÞ  u^iðx; huiÞ ð21Þ
ewij ðxÞ ¼ wijðxÞ  w^ij x; hwij
 
ð22Þ
Let
U^ xð Þ ¼ u^1 xð Þ; u^2 xð Þ; . . . ; u^n xð Þ½ T
W^ xð Þ ¼
w^11 xð Þ w^12 xð Þ . . . w^1n xð Þ
w^21 xð Þ w^22 xð Þ . . . w^2n xð Þ
..
. ..
. ..
.
w^n1 xð Þ w^n2 xð Þ . . . w^nn xð Þ
2
666664
3
777775
eu xð Þ ¼ eu1 xð Þ; eu2 xð Þ; . . . ; eun xð Þ½ T
ew xð Þ ¼
ew11 xð Þ ew12 xð Þ . . . ew1n xð Þ
ew21 xð Þ ew22 xð Þ . . . ew2n xð Þ
..
. ..
. ..
.
ewn1 xð Þ ewn2 xð Þ . . . ewnn xð Þ
2
666664
3
777775
h^u xð Þ ¼ h^u1 xð Þ; h^u2 xð Þ; . . . ; h^un xð Þ
h iT
h^w xð Þ ¼
h^w11 xð Þ h^w12 xð Þ . . . h^w1n xð Þ
h^w21 xð Þ h^w22 xð Þ . . . h^w2n xð Þ
..
. ..
. ..
.
h^wn1 xð Þ h^wn2 xð Þ . . . h^wnn xð Þ
2
666664
3
777775
8>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>:
Then
UðxÞ  U^ðx; h^uÞ ¼ U^ðx; huÞ  U^ðx; h^uÞ þ euðxÞ ð23Þ
WðxÞ  W^ðx; h^wÞ ¼ W^ðx; hwÞ  W^ðx; h^wÞ þ ewðxÞ ð24Þ
For the convenience of explaining the design and prove
process, deﬁne ŒAŒ is a vector or a matrix composed by the
absolute value of each corresponding elements in A 2 Ri·j
and i Æ i denotes the 2-norm of the matrix.
When the space manipulator is applied in the space, its
model is shown in Eq. (8). Comparing Eq. (8) with Eq. (4),
1566 L. Qin et al.we can see that the speciﬁc form of the matrixes are different, it
can be regarded as the modeling error. In order to decrease the
modeling error and obtain good control performance for both
ground alignment and space application stage, the robust con-
trol terms are introduced. The speciﬁc design about the space
manipulator could be written as
s ¼ sc þ sr ð25Þ
where
sc ¼ W^T x; h^w
 
eIn þ W^ x; h^w
 
W^T x; h^w
 h i1
 U^ x; h^u
 
þ €qr þ arþ bW^ x; h^w
 
r
  ð26ÞTable 1 Simulation parameters of the model.
Link-rod ai (m) bi (m) mi (kg) Ii (kg Æ m
2)
B0 – 0.5 40 6.667
B1 0.5 0.5 4 0.333
B2 0.5 0.5 3 0.250sr ¼ rjr
Tjð^e0u þ ^e0wjscj þ e^sjs0jÞ
rk k2 þ d ð27Þ
where ^e0u; ^e
0
w and e^s are online estimations of e
0
u ¼ r1eu,
e0w ¼ r1ew and es = r1; eu is the upper bound of eu; ew is
the upper bound of ew; and
s0 ¼ e eIn þ W^ðx; h^wÞW^Tðx; h^wÞ
h i1
 U^ x; h^u
 
þ €qr þ arþ bW^ x; h^w
 
r
  ð28Þ
where e is an arbitrary small positive real number; a is a posi-
tive deﬁnite diagonal matrix; b is a positive real number; and d
is a time varying parameter. Details of the adaptive design are
as follows:
_^
hui ¼ kuinuiðxÞri ð29Þ
_^
hwij ¼ kwijnwijðxÞriðscj  brjÞ ð30Þ
where, scj is the jth element in sc; ri is the ith element in r; rj is
the jth element in r.
_^e0u ¼ g0 rj j ð31Þ
_^e0w ¼ g0 rj j sTc
		 		 ð32Þ
_^es ¼ g0 rT
		 		 s0j j ð33Þ
_dðtÞ ¼ k0jrTjð^e0u þ ^e0wjscj þ e^sjs0jÞ=ð rk k2 þ dÞ ð34Þ
where e0u ¼ r1eu; e0w ¼ r1ew; es ¼ r1; kui ; kwij ; g0; k0 and
d(0) are positive constants. Deﬁne yp as the trajectory coordi-
nates in operational space, and ypd as the desired trajectory
coordinates in operational space. The control frame of the
system can be shown in Fig. 2.Fig. 2 Fuzzy adaptive robust con4.2. Stability analysis
Deﬁne the following Lyapunov function to prove the stability
of the closed-loop system
V ¼ 1
2
rTrþ 1
2
Xn
i¼1
1
kui
~hTui
~hui þ
1
2
Xn
i¼1
Xn
j¼1
1
kwij
~hTwij
~hwij
þ r
2g0
eTeueeu þ
r
2g0
trðeTeweewÞ þ
r
2g0
e2es þ
r
2k0
d2 ð35Þ
where eeu ¼ e0u  ^e0u; eew ¼ e0w  ^e0w; ees ¼ es  e^s.
The time derivative of the Lyapunov function V is
_V ¼ rT _r
Xn
i¼1
1
kui
~hTui
_^
hui 
Xn
i¼1
Xn
j¼1
1
kwij
~hTwij
_^
hwij 
r
g0
eTeu
_^e0u
 r
g0
trðeTew _^e0wÞ 
r
g0
ees _^es þ rk0 d
_d ð36Þ
Using Eqs. (4),(12),(13),(14) and (25), then Eq. (37) can be
obtained as
rT _r ¼ rTð€qr UðxÞ WðxÞsÞ
¼ rTð€qr UðxÞ  W^ðx; h^wÞsc  ðWðxÞ  W^ðx; h^wÞÞsc
WðxÞsrÞ ð37Þ
From Eq. (26), one yields
€qr UðxÞ  W^ðx; h^wÞsc ¼ ðUðxÞ  U^ðx; h^uÞÞ  ar
 bW^ðx; h^wÞrþ s0 ð38Þ
Combine Eqs. (23) and (24), one obtains
rT _r ¼ rTar rTbW^ðx; hwÞr
Xn
i¼1
nTuiðxÞ~hui ri

Xn
i¼1
Xn
j¼1
nTwij ðxÞ~hwij riðscj  brjÞ  rTWðxÞsr þ rTs0
 rTeuðxÞ  rTewðxÞsc ð39Þ
Substituting Eq. (39) into Eq. (36), then the following equa-
tion can be obtained astrol frame of the manipulator.
Table 2 Simulation parameters of the controller.
Desired trajectory Fuzzy membership functions Gain and adaptive parameters
ypd ¼ ½ xd; yd T
xd ¼ 0:3 cosð0:5ptÞ þ 0:85
yd ¼ 0:3 sinð0:5ptÞ

lF1
i
ðxiÞ ¼ exp 0:5 xiþ42
 2 
lF2
i
ðxiÞ ¼ exp 0:5 xi2
 2 
lF3
i
ðxiÞ ¼ exp 0:5 xi42
 2 
a ¼ diagð500; 500Þ; kui ¼ 5; kwij ¼ 5;
e ¼ 0:001; b ¼ 500;
K ¼ diagð50; 50Þ; g0 ¼ 0:001;
dð0Þ ¼ 1 k0 ¼ 0:001
e^sð0Þ ¼ 0; ^e0uið0Þ ¼ 0; ^e0wij ð0Þ ¼ 0:
Fig. 4 Simulation results of PD control in the space.Fig. 3 Simulation results of PD control on the ground.
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Xn
i¼1
~hTui nuiðxÞri þ
1
kui
_^
hui

 

Xn
i¼1
Xn
j¼1
~hTwij nwij ðxÞriðscj  brjÞ þ
1
kwij
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Since W(x)P rIn and by combining Eqs. (27),(31),(32),
(33),(34), a simpliﬁcation form can be obtained as
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Because
r rTj jð^e0u þ ^e0wjscj þ e^sjs0jÞ þ r rTj jðe0u þ e0wjscj þ esjs0jÞ
r rTj jðeeu þ eewjscj þ eesjs0jÞ ¼ 0
Eq. (45) can be obtained
_V 6 rTar rTbW^ðx; hwÞr ð45Þ
Since W^ðx; hwÞ is a positive deﬁnite matrix and b is a posi-
tive real number, one yields
_V 6 rTar 6 0 ð46Þ5. Simulation results
To verify the effectiveness of the proposed control scheme,
simulations were carried out on a two-link planar space
manipulator system (n= 2) and the trajectory tracking task
under different gravity environments was completed by using
the control algorithm in this paper. The simulation wasFig. 5 Simulation results of the fuzzy adconducted under the environment of matlab7.0 and the simu-
lation time was set 10 s. Table 1 shows the simulation param-
eters of the model, and Table 2 shows the controller
parameters used for numerical analysis.
In order to verify the adaptability and robustness of the
controller, simulations are compared with the conventional
PD control under the same conditions. The PD controller
contains a gravity compensation term which is equal to the
gravity vector that can be computed as
s ¼ kp þ kd þ GðqÞ
where kp is proportional gains; kd is differential gains of G.
The controller parameters of PD are chosen as kp = 250,
kd = 25 when the space manipulator was controlled by the
same PD controller for both ground alignment and space appli-
cation. The simulation results are shown in Figs. 3 and 4. x is
the trajectory in xI direction in coordinate system RI  xIOIyI.
y is the trajectory in yI direction in coordinate system RI  xI-
OIyI. From Figs. 3 and 4 we can see that when the space manip-
ulator was aligned on the ground it can track the desired
trajectory. However, when it was applied in the space, the
gravity will disappear, and it cannot track the desired trajectory
due to the gravity term that existed in the controller.
Fig. 5 shows the trajectory tracking results of the space
manipulator in joint space and task space during ground align-aptive robust control on the ground.
Fig. 6 Trajectory tracking results in the on-orbit operational process.
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system is aligned on the ground, the proposed controller can
guarantee that the desired trajectory of joint space can be
quickly tracked to, and the end trajectory would rapidly
approach the desired value. Fig. 6 shows the trajectory track-
ing results in the on-orbit operational process. It illustrates
that in the on-orbit operational process the desired trajectory
would be quickly approached in joint space and task space
and the tracking error converges to zero quickly.
The trajectory tracking error curves of fuzzy adaptive
robust control method in both joint and task space are shown
in Fig. 7 compared with PD control. exI and eyI are the
tracking errors in xI and yI directions in the coordinate system
RI  xIOIyI;eq1 and eq2 are the tracking errors of q1 and q2,
respectively. From Fig. 7, we can see that the proposed fuzzy
adaptive robust control strategy can guarantee better tracking
performance of the space manipulator from the ground
alignment stage to the on-orbit operation stage, and the robust
controller can compensate the modeling error during both
stages.
6. Conclusions
The changes in kinematic and dynamic model of space robot
caused by the change of gravity environment may cause thefailure of the trajectory tracking controller in space. For this
problem, the main achievements of this work are summarized
as follows:
(1) A fuzzy adaptive robust control strategy is proposed to
cope with this problem in a new approach. That is to say
to develop a controller which can adapt to the variations
of mathematical model caused by the change of gravity
environment.
(2) The fuzzy algorithm was adopted to estimate the
changes in the unknown nonlinear functions of the
manipulator model online. In addition, the estimate
error is compensated by a robust strategy.
(3) The proposed control strategy is independent of the
mathematical model of controlled objects, and in the
design of the control law, the dynamic model does not
need to be linearized, which avoid complex calculations
of regression and unknown parameters estimation, and
by this method the computation is reduced.
(4) The closed-loop system stability is proved based on the
Lyapunov principle. Simulation shows that the control-
ler can achieve high control accuracy in different gravity
environment which demonstrate that the control strat-
egy is effective for both models on the ground and in
space.
Fig. 7 Curves of trajectory tracking errors.
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